Background: Defining the anopheline mosquito vectors and their foraging behaviour in malaria endemic areas is crucial for disease control and surveillance. The standard protocol for molecular identification of host blood meals in mosquitoes is to morphologically identify fed mosquitoes and then perform polymerase chain reaction (PCR), precipitin tests, or ELISA assays. The purpose of this study was to determine the extent to which the feeding rate and human blood indices (HBIs) of malaria vectors were underestimated when molecular confirmation by PCR was performed on both visually fed and unfed mosquitoes. Methods: In association with the Southern Africa International Centers of Excellence in Malaria Research (ICEMR), mosquito collections were performed at three sites: Choma district in southern Zambia, Nchelenge district in northern Zambia, and Mutasa district in eastern Zimbabwe. All anophelines were classified visually as fed or unfed, and tested for blood meal species using PCR methods. The HBIs of visually fed mosquitoes were compared to the HBIs of overall PCR confirmed fed mosquitoes by Pearson's Chi-Square Test of Independence. Results: The mosquito collections consisted of Anopheles arabiensis from Choma, Anopheles funestus s.s., Anopheles gambiae s.s. and Anopheles leesoni from Nchelenge, and An. funestus s.s. and An. leesoni from Mutasa. The malaria vectors at all three sites had large human blood indices (HBI) suggesting high anthropophily. When only visually fed mosquitoes tested by PCR for blood meal species were compared to testing those classified as both visually fed and unfed mosquitoes, it was found that the proportion blooded was underestimated by up to 18.7%. For most Anopheles species at each site, there was a statistically significant relationship (P < 0.05) between the HBIs of visually fed mosquitoes and that of the overall PCR confirmed fed mosquitoes. Conclusion: The impact on HBI of analysing both visually fed and unfed mosquitoes varied from site to site. This discrepancy may be due to partial blood feeding behaviour by mosquitoes, digestion of blood meals, sample condition, and/or expertise of entomology field staff. It is important to perform molecular testing on all mosquitoes to accurately characterize vector feeding behaviour and develop interventions in malaria endemic areas.
Background
Malaria is a significant public health problem in Africa, killing hundreds of thousands of children annually [1] . In sub-Saharan Africa, Plasmodium falciparum malaria is the most common malaria parasite and is transmitted by mosquito species belonging to the Anopheles genus. The extent of vector-host association is one of the most important factors in predicting vectorial capacity [2, 3] and forms the basis for the Ross-MacDonald model and other contemporary models that estimate malaria transmission intensity [4] [5] [6] [7] . The human blood index (HBI), or the proportion of blood meals taken on humans by mosquitoes, varies dramatically even within a single taxon, across localities and between seasons [5] , and reflects differences in intrinsic host preferences, host availability, and accessibility [8] [9] [10] [11] [12] . The HBI of malaria vectors is used to determine anthropophily, changes in feeding behaviour, and even multiple blood feeding frequency [10, [13] [14] [15] [16] . Host preference studies have also been used to monitor the effectiveness of vector control programmes by observing a reduction in blood feeding behaviour, and have even served as evidence of control failure [17] [18] [19] [20] . Additionally, the counts of human blood fed mosquitoes from pyrethrum spray catches (PSCs) have been used as a correlate of biting rate in the estimation of the entomological inoculation rate (EIR), or the number of infectious bites per person per time period. Measurement of EIRs gives an estimation of transmission intensity in an area [21] and can be used to determine the contribution of each vector species to malaria transmission in a particular locale [22, 23] . Variations in EIRs over time and space are, therefore, often used to assess effectiveness of control and identify malaria foci [24] .
In the field, one of the first steps in ascertaining the blood meal host is to visually identify and separate collected mosquitoes based on species and feeding status. The mosquitoes that appear morphologically blooded are labelled as "fed" and it is these samples that are usually separated for blood meal analysis for host species identification or simply counted if exclusive host association is assumed or capacity for molecular analysis is unavailable. However, the possibility remains that some collected mosquitoes may have taken a small or partial blood meal or may have partially digested the blood and are indeed fed, but morphologically appear "unfed". Most importantly, these mosquitoes represent vectors that have bitten a host and, therefore, could have potentially transmitted pathogens, but have evaded the "fed" count during field investigations. By not evaluating these mosquitoes for blood meal host, the blood feeding frequency and EIR may be significantly underestimated and HBI miscalculated leading to inaccurate interpretations of vector foraging behaviour, parasite transmission, and malaria control.
In this study, mosquitoes were collected in three distinct epidemiological areas in southern with the aim to estimate the disparity in morphological and molecular assessments of anopheline feeding status.
Methods

Study area
These studies were carried out in association with the Johns Hopkins Southern Africa International Centers for Excellence in Malaria Research (ICEMR) project at three field sites: Choma district, southern Zambia (16.39292°S, 26.79061°E), Nchelenge district, northern Zambia (9°19.115′S, 28°45.070′E), and Mutasa district, eastern Zimbabwe (18°23.161′S, 32°59.946′E) (See Figure 1 ) [25] .
Choma district
In Choma district, collections were done within the catchment area of the Macha Mission Hospital, approximately 65 kilometres northeast from Choma town, Southern Province at a mean altitude of 1,100 metres above sea level. Extensive malaria entomological and epidemiological studies have been conducted in this area since 2003 [25] . This area consists of mainly scrub bush land interspersed with seasonal streams (Miombo woodland) and the population consists of mainly cattle herders and subsistence farmers. There is a single rainy season each year (November to May), followed by a cool dry season (May to August) and a hot dry season (August to November). Vector control in the area relies on the use of long lasting insecticide-treated nets (LLINs). Household ownership is estimated to be more than 90% and usage greater than 75% for all age groups (unpublished data). Malaria transmission at this site is restricted to the rainy season. Households were randomly selected from a grid overlaid on satellite imagery and were either assigned to a longitudinal cohort of houses followed every other month or for cross-sectional studies samples in the interim months.
Nchelenge district
The field site in Nchelenge district, Luapula Province borders the Democratic Republic of Congo and lies along Lake Mweru. The area is located at a mean elevation of 807 metres above sea level in a marsh ecotype. The majority of the population in this area participates in subsistence farming and fishing. The seasons closely follow that of Choma District, although malaria transmission occurs year-round with a seasonal peak during the rains. Current vector control in this area includes LLIN distribution and indoor residual spraying (IRS) with bendiocarb and in the past pyrethroids. Net ownership and usage amongst study households is lower than that of Macha, with approximately 70% of households owning LLINs and usage across all age groups of approximately 50% (unpublished data). Longitudinal and cross-sectional households that were already enrolled in the ICEMR programme and were also located within two defined 1 km 2 grids along both Lake Mweru and Kenani Stream were chosen for mosquito sampling.
Mutasa district
The study site in Mutasa district, Manicaland Province, Zimbabwe bordering Mozambique is an area marked by broad elevation changes, with a range of approximately 600 to 1,300 metres above sea level. The majority of the population lives in Honde Valley, which has an average elevation of 900 metres above sea level. Subsistence farming occurs along streams and rivers, but there are several large tea estates within the district. Malaria transmission is seasonal, occurring most intensively during the wet season between November and April. Cool dry and hot dry seasons occur similarly to the study sites in Zambia. This area is targeted annually for IRS, and LLIN ownership is estimated at 88% and usage across all age groups at 70% for the study households (unpublished data). Mosquito collections took place in longitudinal and cross-sectional households that were randomly selected from 1-km 2 grids similar to the other sites. . CDC LTs were hung indoors next to sleeping persons, approximately 1.5 m above the floor, and would typically run from 6:00pm to 6:00am. PSCs were performed in the morning (6:00am-10:00am) in selected households, where white sheets were placed on the floors and an aerosol insecticide (100% synthetic pyrethroid) was applied towards the ceiling, eaves, and walls. After approximately 15 minutes, the sheets were taken out of each household and knocked down mosquitoes were collected.
Mosquito collection and handling
Visual classification of bloodfed status
All collected mosquitoes were killed by freezing. Using a dissecting microscope, female anopheline mosquitoes were morphologically identified to species (both vectors and non-vectors) using standard keys [13] and visually classified to feeding (abdominal) status ("fed" or "unfed"). Each mosquito was placed individually into a labelled 0.6 mL microcentrifuge tube containing silica gel desiccant and cotton wool, and stored either at room temperature or frozen at -20°C until laboratory processing, which took place at both the Johns Hopkins University Bloomberg School of Public Health in Baltimore, Maryland and the Macha Research Trust in Macha, Zambia.
Classification of blood fed status by DNA techniques
The head and thoraces of all anopheline mosquitoes were separated from the abdomen of each mosquito and DNA extraction of the abdomens was performed using a modified salt extraction [26] . Morphological identification of anopheline mosquitoes was confirmed using a PCR specific for members of the An. gambiae complex or An. funestus complex [27, 28] . All specimens collected in Nchelenge and Mutasa were tested for blood meal species by PCR whilst in Macha only those determined to be the vector An. arabiensis were analysed due to the large number of specimens collected over the 2-year period. Specimens were tested using the Kent et al. multiplex PCR, which differentiates potential mammal host bloods through amplification of the cytochrome b gene of the mitochondrial genome producing a range of species-specific bands from 132 to 680 base pairs [26] . Samples that did not amplify a band(s) for blood meal host were then tested with a more sensitive PCR and restriction fragment length polymorphism (RFLP) assay [29] . In brief, the PCR technique described by Fornadel et al. [29] was used to amplify a 98 base pair region from the cytochrome b gene of the mitochondrial genome of the mammalian host, followed by a restriction enzyme digest that is specific to that animal host.
Statistical analysis
The visual status of the mosquito abdomen and overall PCR confirmed feeding status for each vector species in each field site were compared and analysed by Pearson Chi-Square Test of Independence using STATA version 11. A P value less than 0.05 was considered statistically significant.
Results
Composition of Anopheles species Choma district
From January 2012 to December 2013, 643 female An. arabiensis were collected from 113 traps across 69 different households in Choma district. All collected anophelines had their morphological identities confirmed by molecular methods, of which An. arabiensis comprised 67%.
Nchelenge district
From March-April 2012 in Nchelenge district, 411 Anopheles were collected from 98 CDC light traps and 264 PSCs from 31 households and morphological identity was confirmed by PCR analysis. Anopheles funestus s.s. accounted for 83.4% of the total collection followed by An gambiae s.s. (8.8%) and An. leesoni (7.8%).
Mutasa district
From December 2012-February 2013, 84 Anopheles were collected in Mutasa district from 43 CDC light traps and 14 PSCs from 13 households. Morphological identifications in the field were confirmed by molecular methods. The collection was composed of 97.6% An. funestus s.s. and 2.4% An. leesoni.
Determination of blood feeding frequency, blood meal source, and HBI for visually fed anophelines Choma district In the collection, 11.7% (75/643) of An. arabiensis were classified visually as fed and of those 75, 48 (64%) were confirmed by both the Kent and Fornadel PCR, giving a feeding rate of 7.5% (see Table 1 ). Of the 48 blood fed confirmed An. arabiensis, 46 had fed on humans or mixed human/animal blood meal to give an HBI of 0.96. One of these specimens was found to have a mixed blood meal of human and goat.
Nchelenge district
Of the collected Anopheles species, 32.4% (111/343) of An. funestus, 25% (9/36) of An. gambiae, and 18.8% (6/32) of An. leesoni were visually fed and all were molecularly confirmed by both PCR methods, as described by Kent et al. [10] and by Fornadel et al. [29] (Table 1) . Of 126 blood fed Anopheles, 111 An. funestus, nine An. gambiae, and five An. leesoni had fed on humans. One specimen of An. leesoni had also taken a goat blood meal. The HBIs for both An. funestus and An. gambiae were 1.00. An. leesoni had a lower human blood index of 0.75.
Mutasa district
Of the collected Anopheles species, 30.5% (25/82) of An. funestus were visually fed and all were molecularly confirmed by both PCR methods, as described above [10, 29] (Table 1) . None of the collected An. leesoni were visually fed. Of the 25 blood fed An. funestus, 24 had fed on human blood and one had fed on goat. The resulting HBI was 0.96 for An. funestus. None of the An. leesoni caught were classified as fed.
Determination of blood feeding frequency and blood meal source for visually unfed anophelines Choma district
The Kent PCR method revealed 3.9% (22/568) of An. arabiensis previously scored visually as unfed had actually taken blood meals (Table 1) . It was also found that one An. arabiensis had fed on cow and two An. arabiensis had fed on goat. There was also one mixed human and dog blood meal detected. Of those classified as unfed by both morphology and both the Kent PCR and the more sensitive Fornadel PCR method revealed that a further 11.5% (63/546) of An. arabiensis had actually taken human or other non-human blood meals.
Nchelenge district
Of those Anopheles that appeared unfed in the field which were subsequently tested for blood meal source by the Kent PCR method, 0.9% (2/232), 3.7% (1/27), and 7.7% (2/26) of unfed An. funestus s.s., An. gambiae s.s., and An. leesoni respectively were positive for human and goat blood meals in Nchelenge (Table 1) . No other animal host was detected. The Fornadel PCR method revealed 
Mutasa district
Unlike Choma district and Nchelenge district, molecular testing of visually unfed Anopheles by the Kent PCR method did not reveal any additional fed mosquitoes. However, the Fornadel PCR revealed that 5.3% (3/57) of the visually unfed An. funestus had taken human (2/3) and goat blood meals (1/3) ( Table 1) . No blood meals were detected by the Kent or the Fornadel PCR methods in the visually unfed An. leesoni.
Overall blood feeding frequency and HBI of Anopheles Choma district
Combining the outcomes of the PCRs carried out on anophelines visually scored as fed and unfed revealed that the actual proportions of fed An. arabiensis was 22.1% (Table 1) . Therefore, visual scoring alone may result in blood feeding rates being underestimated as much as 10.4% compared to PCR detection of blood meals. If determination of host species by Kent PCR was limited to those mosquitoes determined visually as fed, HBI was calculated as 0.96, but if all mosquitoes were analysed using both PCR methodologies, 124/142 An. arabiensis had fed on humans, some with mixed animal/human blood meals. This resulted in a reduction in the estimated HBI for An. arabiensis to 0.87. Chi-square test results for An. arabiensis detected a significant relationship between the visually fed status and the overall PCR confirmed fed status (df = 1; X 2 = 144.4; P < 0.05).
Nchelenge district
Of those Anopheles specimens classified visually both as fed and unfed, combining the results of the Kent and the Fornadel PCR methods, revealed that the actual proportions of fed An. funestus s.s., An. gambiae s.s., and An. leesoni were 38.5%, 38.9%, and 37.5% respectively in Nchelenge (Table 1) . Using just visual assessment of blood feeding status could, therefore, underestimate blood feeding frequency by as much as 18%. After accounting for these blood meals detected in visually unfed Anopheles, the HBIs for An. funestus and An. gambiae remained at 1.00, whereas An. leesoni was higher at 0.80. Chi-square test results indicate a significant relationship between the visually fed status and the overall PCR confirmed fed status for all malaria vectors in this area (An. funestus s.s.: df = 1, X 2 = 267.7; P < 0.05; An. gambiae s.s.: df =1, X 2 = 21.2; P < 0.05; An. leesoni: df = 1, X 2 = 16.2; P < 0.05).
Mutasa district
The PCR results for both visually fed and unfed Anopheles reveals that the overall proportion of fed mosquitoes was 35.4%, suggesting that visual confirmation alone can underestimate blood feeding rates by up to 4.9% (Table 1) . After detection of goat blood meals in visually unfed An. funestus, the HBI for An. funestus reduced to 0.96. Chi-square test analysis revealed a significant relationship between the visually fed status and the overall PCR confirmed fed status for An. funestus in this area (df = 1; X 2 = 168.3; P < 0.05).
Discussion
Through entomological investigations in Choma, An. arabiensis has been identified as the primary malaria vector of P. falciparum transmission and analysis of blood feeding was restricted to samples identified as this vector. Although this vector is known for its zoophilic behaviour in many parts of Africa, it has been found to be highly anthropophilic in Choma. After molecular testing, the human blood index of An. arabiensis decreased due to the identification of blood meals from other animal hosts such as goats and cows in the mosquitoes that were visually unfed. This indicates that An. arabiensis takes occasional blood meals on non-human hosts, although many of these may be small meals where the mosquito does not feed to repletion. Although still highly anthropophilic, these previously undetected blood meals dilute the reported rates of anthropophily for this species [29] . In Nchelenge, An. funestus s.s. is the most abundant species followed by An. gambiae s.s. and An. leesoni. Preliminary field collections in the area have confirmed An. funestus s.s. and An. gambiae s.s. to be the primary and secondary vectors of P. falciparum transmission (unpublished data). The malaria parasite has not been detected in An. leesoni in Nchelenge. However, the role of An. leesoni as a malaria vector in other parts of Africa suggests its potential as a secondary vector in this region and further investigation is required [30] . The human blood indices of both An. funestus s.s. and An. gambiae s.s. remained the same after molecular testing on all mosquitoes regardless of abdominal status, indicating that they are highly anthropophilic vectors. However, after testing all An. leesoni for blood meal host, the updated HBI increased suggesting greater anthropophily than would have been estimated if only visually classified specimens had been analysed.
In Mutasa district, the primary malaria vector of P. falciparum is An. funestus s.s. (unpublished data). The human blood index of An. funestus was reduced slightly after molecular testing of both visually fed and unfed mosquitoes due to detection of additional goat blood meals, but confirms the high anthropophily of this species in eastern Zimbabwe. None of the collected An. leesoni were visually fed or molecularly confirmed as fed. As a result, it was not possible to determine the blood meal source and resulting HBI of this potential vector species.
For basic malaria vector studies, identifying the host of mosquito blood meals is a crucial step in estimating vector transmission potential and intensity of malaria found in an area. When mosquito collections take place in the field, it is common practice to have trained personnel identify each mosquito and also classifies the abdominal status by morphology. Once in a laboratory setting, normally only those mosquitoes labelled as "fed" are separated and tested for blood meal host, and even then only if the infrastructure and financial support exists to conduct these assays. However, in this study, a significant proportion of visually classified "unfed" mosquitoes had detectable blood meals by PCR methods. The Kent and the Fornadel PCR protocols used in this study amplify different portions of the cytochrome b gene, but the Fornadel PCR is more sensitive by being able to detect blood meals up to 60 hours post-feeding in laboratory experiments [26, 29] . A large proportion of visually "unfed" mosquitoes were found to be blooded by the Kent PCR and a further number were found to be fed by the Fornadel PCR assay. By only testing the visually "fed" mosquitoes for blood meal host identification, the true proportion of fed mosquitoes in a collection may be underestimated by as much as 18%. This trend was evident in three epidemiological distinct sites in southern Africa. Conversely, it was also observed in the Choma site that a small proportion of the visually fed mosquitoes did not contain a blood meal as determined by the Kent and the Fornadel PCR protocols. This may occur because of incorrect classification of the specimen, desiccation of specimens resulting in dark pigmentation that can be mistaken for blood in mosquitoes, specimens with enlarged abdomens may actually be gravid or half gravid, or contain a sugar meal. It may also be due to the inherent limitation of the PCR assays used [26, 29] .
The molecular confirmation of "unfed" mosquitoes actually being fed may be due to several reasons. Firstly, it may indicate partial feeding behaviour, resulting in a blood meal size that is undetectable by the human eye. In the field, host defensive behaviours can interrupt a mosquito's ability to reach repletion [31] . Previous field studies using unrestrained hosts in stable traps found that a large proportion of Culex tarsalis mosquitoes were attracted to the bait, but took partial or no blood meals [32, 33] . Similarly, laboratory-reared mosquitoes also experienced decreased feeding success due to defensive host behaviours [31, 34, 35] . Another factor that may result in partial or reduced blood feeding is vector control; at all three sites of this study, vector control such as LLINs and/or IRS have been implemented in response to which mosquitoes may limit their duration of contact with a host to avoid insecticides [30] .
Consequently, mosquitoes may be unable to reach repletion during feeding and must take multiple blood meals during a gonotrophic cycle. This has important implications for estimating vector potential and malaria transmission risk in endemic areas [15, 31, 36] . This study was not designed to assess feeding behaviour pre-and post-intervention. Clearly, further research needs to be done to ascertain the extent of anopheline partial blood feeding behaviour in Africa. In addition to partial feeding, mosquitoes may have undergone partial digestion of the blood meal such that the volume remaining is not easily detectable by eye. Visual assessment of blood feeding status may also be hindered by sample condition such as desiccation or damage. Additionally, personnel must be trained to correctly assess the abdominal status.
Overall, if all collected mosquitoes are not tested for blood meal host, then the proportion fed, HBI, and even EIR may be miscalculated and the accuracy of vector studies may be diminished. The proportion fed in a collection can be an important component for testing and evaluating vector control interventions such as LLINs, IRS, or spatial repellents. Efficacy may be determined by observing a reduction in feeding behaviour by vectors as well as changes in other parameters such as deterrency, entry/exit behaviour and mortality rates [37] [38] [39] [40] [41] . The HBI, a component of vector capacity, provides crucial information about mosquito feeding patterns and vector-host association [42] . Additionally an incorrect estimate of the number of fed mosquitoes can lead to a miscalculation of biting rates and therefore EIR. The relationship between EIR and malaria prevalence is not direct, but EIR can range from 0 to 1500 infective bites per person per year in endemic parts of Africa [43, 44] . Thus, it can be a useful measurement in defining malaria endemicity and transmission intensity [43, 45] . Accuracy in the calculations for HBI and EIR are essential for defining malaria transmission and dynamics in affected locales [46] , and for guiding appropriate control strategies and assessing their effectiveness. Based on this study, it is predicted that in areas with highly anthropophilic vectors such as Nchelenge and Mutasa Districts, the HBI and EIR will show little or no change when testing for blood meal source in all mosquitoes. However, in areas with both anthropophilic and zoophilic vectors such as Choma, testing the blood meal source in all mosquitoes could affect both the HBI and EIR.
Conclusions
The present study illustrates the importance of testing morphologically unfed and fed mosquitoes for identification of host blood meal. By not testing all mosquitoes in a collection, inaccurate measurement of the HBI and even the EIR may result. Misestimation of the HBI occurred when restricting testing to only those visually fed, even at sites with very different vector compositions and epidemiology. Both the HBI and EIR contribute to the understanding of malaria transmission intensity by Anopheles mosquitoes; these parameters not only help direct control efforts, but also provide tools for surveillance by assessing potential changes in foraging behaviour in response to vector control or other ecological changes. The visually unfed mosquitoes that have detectable blood meals by molecular methods may suggest partial feeding behaviour, a response to vector control measures, partial blood meal digestion that is undetectable by eye, or errors in interpreting unfed or fed abdomens by personnel. Although performing molecular techniques to identify host blood meals of all morphologically fed and unfed mosquitoes is ideal for increased accuracy in measurements of anopheline foraging behaviour and estimation of EIR, it may pose a challenge for resource-limited countries to be able to perform such extensive testing. As a result, it is suggested that sub-sampling and extrapolation can be used for morphological and molecular determination of host blood meal in order to more accurately characterize mosquito feeding behaviour in malaria endemic areas.
